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and color that are transformed into per-
ceptual quantities of brightness and hue 
in our daily life, making use of light polar-
ization information is still challenging.[3] 
So far, semiconductor nanowires (NWs), 
with facile-engineered dimension and 
well-defined structural anisotropy, have 
proven remarkable light polarization char-
acteristics from various aspects of emis-
sion, absorption, and photoconductivity.[4] 
Meanwhile, with the excellent capabilities 
of photon and carrier confinement, semi-
conductor NWs have also been considered 
as important candidates as building blocks 
for electronic circuits and optical chips.[5] 
These advantages, as well as interesting 
physical and chemistry effects distin-
guished from its bulk counterparts, make 
semiconductor NWs potential for chip-
level polarization sensitive devices integrat-
able with semiconductor technology.[6,7]

All-inorganic metallic halide perovskites 
such as CsPbX3 (X = Cl, Br, I) have been emerged as great can-
didates for the development of light sources and detectors due 
to their marvelous optical properties,[8–11] including bandgap 

1D nanowires of all-inorganic lead halide perovskites represent a good archi-
tecture for the development of polarization-sensitive optoelectronic devices 
due to their high absorption efficient, emission yield, and dielectric constants. 
However, among as-fabricated perovskite nanowires with the lateral dimen-
sions of hundreds nanometers so far, the optical anisotropy is hindered and 
rarely explored owing to the invalidating of electrostatic dielectric mismatch in 
the physical dimensions. Here, well-aligned CsPbBr3 and CsPbCl3 nanowires 
with thickness T down to 15 and 7 nm, respectively, are synthesized using a 
vapor phase van der Waals epitaxial method. Strong emission anisotropy with 
polarization ratio up to ≈0.78 is demonstrated in the nanowires with T < 40 nm 
due to the electrostatic dielectric confinement. With the increasing of thick-
ness, the polarization ratio remarkably reduces monotonously to ≈0.17 until 
T ≈140 nm; and further oscillates in a small amplitude owing to the wave 
characteristic of light. These findings not only represent a demonstration of 
perovskite-based polarization-sensitive light sources, but also advance funda-
mental understanding of their polarization properties of perovskite nanowires.
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Fabrication of low-dimensional anisotropic semiconductor 
structures is essential for the development of polarization-sen-
sitive optoelectronic devices.[1,2] However, unlike light intensity 

Adv. Mater. 2018, 30, 1801805

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.201801805&domain=pdf&date_stamp=2018-06-19


© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1801805 (2 of 9)

www.advmat.dewww.advancedsciencenews.com

wide-tunability, excellent charge transport properties,[12–14] and 
relatively favorable stability.[15] CsPbX3 shows narrow linewidth 
of emission (≈10 nm), long carrier lifetime (1–25 ns), diffu-
sion distance (0.08–10 µm), and high carrier transport mobility 
(≈4500 cm2 V−1 s−1).[16–20] Recently, the emission polarization of 
CsPbX3 has been regarded but mostly on quantum dots (QDs) 
systems governed by quantum confinement.[21,22] The optical 
anisotropy properties of CsPbX3 nanostructures beyond the 
quantum interaction regime, crucial for chip-level optoelec-
tronic devices, are rarely explored to date.

CsPbX3 NWs with lower lateral dimension (below 100 nm) 
and well-aligned structure, exhibit not only significant polari-
zation sensitivity but also of great importance for integration 
with electronic and optical components, display applications. 
Considerable efforts have been made on the fabrication of 
all-inorganic CsPbX3 perovskite NWs. At present, the dimen-
sion of CsPbBr3 NWs has down to 2 nm fabricated by solution 
method.[23] Meanwhile, the CsPbX3 NWs synthesized by vapor 
phase deposition, usually with lateral dimension in the scale of 
several hundreds of nanometers to micrometers,[18] have better 
crystalline quality, lower defect, and surface-states density.[24] 
Moreover, well-aligned NW arrays possess a well prospect for 
display applications.[25] Current nanostructure array fabrica-
tion methods could be divided into top-down and bottom-
up methods. Top-down method starts with patterns to form 

the nanostructures, which is based on lithography or etching 
techniques;[25] inversely, bottom-up method begins with atoms 
to build up nanostructures, such as evaporation-mediated 
assembly, electric-field assisted assembly, photoalignment tech-
nique, template-assisted assembly, Langmuir–Blodgett deposi-
tion, etc.[26] The chemical vapor deposition (CVD, bottom-up 
method) without an external force assisted, provides a more 
facile strategy for NW arrays fabrication.

Herein, we have successfully synthesized well-defined 
CsPbX3 (X = Br, Cl) NW arrays with average thickness below 
15 nm (7 nm) on muscovite mica substrate by a facile CVD 
method. Low-temperature and time-resolved photolumines-
cence (TRPL) spectroscopy are performed to explore the exciton 
dynamics of as-grown NWs. Superior emission anisotropy 
is demonstrated along the long axis of NWs due to dielectric 
mismatch. Systematical size-dependence of emission anisot-
ropy is explored and the results show that the polarization ratio 
undergoes invariant (T < 40 nm), decrease (T ≈ 50–140 nm), 
and oscillation regions (T > 140 nm), respectively. These results 
are important for the development of perovskite-based polariza-
tion-sensitive optoelectronic devices.

Figure 1a displays the schematic diagram of polarization 
measurement configuration and structure of CsPbX3 NWs on 
mica. The fabrication proceedings of CsPbX3 NWs are shown in 
Figure S1 (Supporting Information).[27] Figure 1b is the typical 
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Figure 1. Structure characterizations of CsPbX3 nanowires (NWs) grown on mica by van der Waals (vdW) epitaxy. a) Polarization measurement con-
figuration of CsPbX3 NWs (upper panel), and corresponding cross-section growth schematic on mica (lower panel). b) Scanning electron microscopy 
(SEM) image of CsPbBr3 NW arrays. Inset: cross section of individual NW obtained from atomic force microscopy (AFM) image. Scale bar: 1 µm.  
c) Thickness statistics of CsPbBr3 NW arrays in a selected area of 6.2 × 6.2 µm2. d) SEM image of CsPbCl3 NW arrays. Inset: single CsPbCl3 NW obtained 
from AFM image; scale bar: 1 µm. e) Thickness statistical distributions of CsPbCl3 NWs in a selected area of 10 × 10 µm2.
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scanning electron microscopy (SEM) image of as-prepared 
CsPbBr3 NWs. The CsPbBr3 NWs are well aligned along one 
direction related to mica substrate. The atomic force micros-
copy (AFM) measurement suggests that most of these NWs 
exhibit triangular cross section with corner angle of ≈90° (inset, 
Figure 1b), supporting the cubic phase of the CsPbBr3 perovs-
kites.[24] The X-ray diffraction pattern (Figure S2, Supporting 
Information) presents two strong sharp diffraction peaks which 
coincide with (100) and (200) facets of the cubic phase CsPbBr3 
(JCPDS No. 54-0752), respectively. Figure 1c presents the thick-
ness statistics of the CsPbBr3 NWs in a selected area of 6.2 × 
6.2 µm2 and it suggests that the average thickness of the NWs 
is ≈15 nm. The corresponding width and length of these NWs 
are ≈30 nm and ≈160 nm, respectively (Figure S3a,b, Sup-
porting Information). The AFM and SEM measurements on 
more regions confirm that the width and length of the CsPbBr3 
NWs are <15–100 nm and ≈100 nm to 1 µm, respectively 
(Figure S3c-f, Supporting Information). Figure 1d,e displays the 
SEM and corresponding thickness of as-grown CsPbCl3 NWs 
on mica, respectively. Similar to CsPbBr3 NWs, the CsPbCl3 
NWs are also well aligned on the mica substrate. The thick-
ness, width, and length of CsPbCl3 NWs in a selected area of 
≈10 × 10 µm2 are ≈7, ≈60, and ≈80 nm, respectively (Figure S4, 
Supporting Information), which are relatively smaller than the 
CsPbBr3 NWs. However, different from CsPbBr3, most of the 
CsPbCl3 NWs exhibit rectangular cross section (the inset of 
Figure 1d), suggesting that the epitaxial surface of CsPbCl3 on 
mica is (100).

Next, the growth mechanisms of CsPbBr3 and CsPbCl3 NWs 
on mica substrate are discussed. Muscovite mica is layered mate-
rials bonded by the weak interlayer van der Waals (vdW) force 
with pseudo-hexagonal lattice.[28,29] The fresh exfoliated mica 
has a well-accepted potassium termination of (001) cracking 
face exposure without dangling bonds, which is chemical 
inert owing to an intentional passivation.[30,31] The incommen-
surate vdW force provides a nearly complete lattice relaxation 
between the overlayer and mica substrate, well circumventing 
general requirement of lattice matching between a material and 
its substrate for the growth of defect-free single crystals.[32–34] 
For the lead halide perovskites, the (110) and (001) facets are 
the most stable exposure surfaces.[35] The lattice d-spacing of 
CsPbBr3 (001) and (011) is 5.830 and 8.2448 Å, respectively 
(JCPDS No. 54-0725); and the lattice d-spacing spacing of mica 
(100) and (010) is 5.189 and 8.995 Å, respectively (JCPDS No. 
06-0623). The commensurate mismatch between CsPbBr3 and 
mica f = (1 − doverlayer/dsubstrate) is as large as ≈50%, and hence 
the incommensurate epitaxy is more preferred. Since the expo-
sure surface of CsPbBr3 on mica substrate is (110), two possible 
incommensurate epitaxy models are considered: (i) CsPbBr3 
[001]//mica [100] and CsPbBr3 [110]//mica [010]; (ii) CsPbBr3 
[110]//mica [100] and CsPbBr3 [001]//mica [010]. In model (i), 
the lattice match factor f is calculated to be 0.01% (12dCsPbBr3 (110) ≈ 
11dmica (010)) and 0.13% (8dCsPbBr3 (001) ≈ 9dmica (100)), respec-
tively. In model (ii), the corresponding f is −0.82% (14dCsPbBr3 

(001) ≈ 9dmica (010)) and 0.69% (5dCsPbBr3 (110) ≈ 8dmica (100)),  
respectively.[24] On the basis of the low lattice mismatch, the 
model (i) is more reasonable incommensurate match for 
CsPbBr3. The growth mechanism of CsPbCl3 is also coincident 
with the principle of less incommensurate lattice mismatch. 

The lattice spacing of CsPbCl3 (001) and (011) is 5.610 and 
7.934 Å, respectively.[36] For the triangular NW with epitaxial 
face of (110), f are −0.20% (12dCsPbCl3 (001) ≈ 13dmica (100)), 0.77%  
(9dCsPbCl3 (110) ≈ 8dmica (010)) in model (i) and −1.93% (2dCsPbCl3 (110) ≈  
3dmica (100)), 0.21% (8dCsPbCl3 (001) ≈ 5dmica (010)) in model (ii), 
respectively; for the rectangular NWs with (100) epitaxial sur-
face, f are 0.20% (12dCsPbCl3 (100) ≈ 13dmica (100)) and 0.21% 
(8dCsPbCl3 (001) ≈ 5dmica (010)), respectively. The lattice mismatch 
is lower when the epitaxy face is (100) for the CsPbCl3, which 
is well consistent with the observation that most of the CsPbCl3 
NWs show rectangular cross section. Based on the above discus-
sions, it can be concluded that the perovskites NWs are grown 
on mica substrate via van der Waals incommensurate epitaxy. In 
addition, the temperature is the main factor to control the size 
and the thickness of crystals, higher temperature would lead to 
high saturation vapor pressure and expected lower nucleation 
rate, and the crystal prefers the planar growth on substrate, 
resulting in ultrathin morphology of crystal growth.[37]

Steady-state temperature-dependent PL spectroscopy is con-
ducted to explore the emission properties of the as-prepared 
NWs. The excitation power is as low as possible to reduce 
photo degradation and multiparticle processes. The temperature 
range is 80–293 K. In the following sections, the emission prop-
erties of CsPbBr3 are discussed as a representative. As shown 
in Figure 2a, the room-temperature PL spectroscopy of CsPbBr3 
NW shows single symmetric peak centered at ≈515 nm when 
the NW thickness is 15 nm. The PL spectra would be redshifted 
to 524 nm when the NW thickness increases to 250 nm (Figure 
S5a, Supporting Information), which is possible due to Stokes 
shifts and reabsorption effects.[38] The single PL peak is assigned 
to free exciton recombination considering that the exciton 
binding energy of CsPbBr3 (35–133 meV) is much higher than 
thermal energy at 293 K.[39] With the decreasing of temperature, 
the PL peak of CsPbBr3 exhibits a significant redshift from  
514 nm (2.412 eV) to 524 nm (2.375 eV). The redshifts behavior 
is consistent with previous studies on lead halide perovskite 
and could be simply understood in the aspect of electronic 
band structure variation.[40] The conduction band minimum 
(CBM) state of perovskites is mainly occupied by electrons from 
the 6p orbital of Pb, and valence band maximum (VBM) states 
are attributed to the hybridization between the 6s orbital of Pb 
and the 4p orbital of Br.[41] As the temperature decreases, the 
interaction between two orbitals in the VBM state is enhanced 
because of thermal shrink of the lattice and consequently the 
energy gap between CBM and VBM becomes narrower.[42–44] 
Owing to the inelastic scattering processes, the PL intensity of 
CsPbBr3 NWs exhibits significant quenching effect when the 
temperature increases from 80 to 293 K (Figure S5b,c, Sup-
porting Information).[45,46] Similar temperature dependence of 
PL intensity and energy is observed in 250 nm thick CsPbBr3 
NWs (Figure S5b, Supporting Information); differently, the 
PL peak shows a first blueshift, which originates from the 
domination of electron–phonon coupling according to pre-
vious report.[43] Through the temperature-dependent PL spec-
troscopy, the exciton binding energies of 15 and 250 nm thick 
NWs are evaluated as 93 and 65 meV, respectively. The higher 
exciton binding energy in the thinner NWs could be attributed 
to the relatively larger wavefunction overlap between electrons  
and holes.[47]

Adv. Mater. 2018, 30, 1801805
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TRPL spectroscopy is further conducted to explore the car-
rier dynamics and emission origins of the CsPbBr3 NWs, as 
shown in Figure 2b. Low excitation intensity of ≈39.7 W cm−2 is 
adopted to exclude the multiexcitons and heating effects under 
intense excitation condition. Both the PL decay curves of 15 and 
250 nm thick NWs can be well fitted by monoexponential func-
tion under the low excitation condition. The PL decay time con-
stant or so called PL lifetime is 5–8 ns, which is attributed to 
the free exciton recombination process. On the basis of TRPL 
spectra of ≈26 NWs (the inset of Figure 2b), it is found that the 
lifetimes of 15 nm thick NWs are relatively shorter than that of 
the 250 nm thick NWs, which can be explained by two reasons: 
(1) larger wavefunction overlaps between electrons and holes 
and (2) shorter diffusion time before recombination regarding 
the microscale diffusion distance of CsPbBr3.[48] Moreover, 
carrier density-dependent TRPL spectroscopy is conducted to 
explore the carrier dynamics under higher excitation condition. 
As carrier density increases from 9.90 × 1016 to 1.48 × 1018 cm−3, 
the TRPL spectra of the 15 nm thick NW always exhibit mono-
exponential decay behavior with invariant time constant, as 
shown in Figure 2c. On contrary, new decay channel arises in 
the 250 nm thick NWs when the carrier density is even higher 
than 5.85 × 1010 cm−3, as shown in Figure 2d. The lifetime of 
both the new and exciton recombination processes reduces 
significantly with the further increasing of excitation intensity. 

The shortness of PL lifetime is possibly owing to nonradiative 
recombination (e.g., phonon scattering) in the NWs (Tables S1 
and S2, Supporting Information).[49] To explore the origin of 
new decay channel in the thick NWs, the integration intensities 
of the initial time PL intensity are extracted out and plotted as 
a function of excitation intensity, as shown in Figure 2e. In the 
15 nm thick NWs, the emission intensity is linear with the car-
rier density below 1.48 × 1018 cm−3. The result is consistent with 
observation of the single channel recombination in the TRPL 
spectroscopy, strongly suggesting that the emission of thin NWs 
is attributed to exciton recombination with a yield independent 
of carrier density. However, in the 250 nm thick NWs, the car-
rier density dependence of emission intensity contains both 
linear and quadratic terms, suggesting the coexistence of two 
kinds of recombination channels. The linear term is ascribed 
to exciton recombination process and the quadratic term is 
assigned to the free carrier recombination with a yield linear 
to the square of carrier density, respectively.[50] Since the possi-
bility of the exciton dissociation increases under high excitation 
intensity, the exciton binding energy of the 250 nm thick NW 
is not high enough to stand against the dissociation, resulting 
in the appearance of emission via free carrier recombination.[51]

The emission anisotropy of the as-prepared CsPbBr3 NWs 
is explored, as shown in Figure 3. The excitation intensity is 
controlled as low down to ≈0.1 µW to ensure that the exciton 

Adv. Mater. 2018, 30, 1801805

Figure 2. Photoluminescence (PL) characterizations of CsPbBr3 NWs. a) Temperature-dependent PL spectra of a NW with thickness of ≈15 nm. 
b) Time-resolved PL spectroscopy (TRPL) and statistical distributions for PL lifetime (inset) for the NWs (≈15 nm thick, red; ≈250 nm thick, blue). 
c,d) Photon-injected carrier density dependence of TRPL spectroscopy for the NWs; the carrier density is indicated along with the curves; c) 15 nm; 
d) 250 nm. e) Photon-injected carrier density dependence of the initial time photoluminescence intensity (IPL(0)) upon excitation; The data are extracted 
out from (c) and (d); red for ≈15 nm thick, and olive for ≈250 nm thick.
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recombination dominates and at the same time avoid any dete-
rioration to the NW sample. Figure 3a shows PL spectroscopy of 
CsPbBr3 NWs when the excitation field E0 is polarized parallel 
with and perpendicular to the long axis of the NWs (indicated 
as z). In the 15 nm thick NW, the PL intensity of E0//z is five 
times higher than E0⊥z, suggesting the strong emission anisot-
ropy of the NW. The emission polarization ratio ρ = I∥ − I⊥/I∥ + I⊥  
is calculated as 0.78. The diameter of laser spot is ≈2 µm, 
the average nearest distance of two NWs is ≈300 nm, which 
means that there is little interaction even between nearest NWs 
(Figure S6, Supporting Information). At the same time, under 
the laser spot, the emission signals of ≈5 NWs are excited and 
collected. The value of polarization ratio should be the same as 
that of single NW because the five NWs share the same ori-
entation. In the 250 nm thick NW, although the PL of E0//z 
is also stronger than E0⊥z, the emission polarization ratio of 
ρ = 0.17 is much smaller than that of 15 nm thick NWs. Polar-
ization-dependent PL spectroscopy of CsPbBr3 square nano-
platelet is performed as a comparison (Figure S7a, Supporting 
Information), which exhibits isotropic feature and suggests that 
the polarization response in the NWs is not resulted from the 
spectroscopy system. The 360° polarization-dependent PL spec-
troscopy of both thin and thick NWs illustrates a better thermal 
stability and moisture resistance (Figure S7b,c, Supporting 

Information). Detailed polarization dependence of integrated 
PL intensity as a function of polarization angle (θ) is plotted as 
shown in Figure 3b,c, where θ is defined as the included angle 
between z-axis and E0. The PL intensity of both NWs exhibit 
angular periodicity of 180° with strongest values at θ = 0°. 
However, the anisotropy of the 15 nm thick NW is significantly 
higher than that of the 250 nm thick NW. The PL image of the 
NWs under different excitation polarization coincides with the 
PL spectroscopy data, as shown in Figure 3d,e. With the rota-
tion of excitation polarization, the PL image brightness of 
250 nm thick NW exhibits little difference; on the contrary, the 
brightness of 15 nm thick NWs for the excitation polarization 
along z is significantly stronger than other directions.

Emission anisotropy of low-dimensional semiconductor 
nanostructures is mainly induced by three mechanisms: (1) 
intrinsic and extrinsic transition dipole moment anisotropy,[22] 
(2) optical matrix element anisotropy induced by quantum 
size effect, and (3) excitation field anisotropy due to dielectric 
confinement of optical electric field.[52,53] Since the perovskites 
own cubic crystalline structures, the intrinsic dipole moment of 
CsPbX3 is isotropic. However, the anisotropy of dipole moment 
can be induced extrinsically by lattice distortion and substrate, 
etc., as shown in Table S3 (Supporting Information). For 
example, ionic diffusion of CsPbI3 quantum dots leads to the 
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Figure 3. Excitation polarization dependence of PL spectra of CsPbBr3 NWs. a) PL spectra of CsPbBr3 NWs excited by 405 nm laser with thicknesses 
of ≈15 nm (red lines) and ≈250 nm (olive lines), respectively; solid lines: excitation polarization parallel to the NWs long axis; dashed lines: excitation 
polarization perpendicular to NWs long axis. b,c) PL intensity as a function of excitation polarization. The NW thickness is ≈15 nm (b) and ≈250 nm 
(c), respectively. The polarization angle is denoted to 0° when electric field is parallel to wire axis. d,e) Optical PL images of NWs at different polari-
zation directions (0°, 30°, 60°, 90°, 120°, 150°, 180° from left to right panels). d) ≈15 nm; e) ≈250 nm. Scale bars for (d) and (e) are 250 nm and 
3 µm, respectively.
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distortion of cubic lattice, resulting in the anisotropy of transi-
tion dipole moment. Also, image electric field by the substrate 
causes distortion of electron cloud in CsPbBr3 quantum dots 
and therefore the anisotropy of dipole moment. Nevertheless, 
both effects can be ignored in this work since: (1) the lattice 
distortion is low since Br− diameter is much smaller than I−,[21] 
and (2) the substrate effect only exists in the structures with 
dimension of several nanometers.[22] Further, when the size of 
emitter is comparable to Bohr radius of semiconductor mate-
rials, the optical matrix element becomes anisotropic. How-
ever, the dimension of as-grown CsPbBr3 NWs is much larger 
than the Bohr radius of NWs, therefore the quantum size effect 
induced emission anisotropy can be excluded.[52,54] Hence, the 
large emission anisotropy is mainly owing to the third effect, 
dielectric mismatch or dielectric confinement of optical electric 
field.[55]

Owing to the dielectric mismatch between high dielectric 
NWs and surrounding air, the excitation field coupled into the 
NWs E1 is actually lower than the original incident fields E0, 
in particular when the electric component of incident field is 
perpendicular to the long axis of NWs. Herein, to explore the 
emission anisotropy induced by dielectric mismatch, the exci-
tation field coupled into NWs is calculated by finite difference 
time domain (FDTD) solution, as shown in Figure 4. When the 
NW thickness is 15 nm, E1 is nearly equal to the excitation field 
E0 at θ = 0° (Figure 4a,b); as a contrast, E1 is much weaker than  
E0 at θ = 90°. The normalized intensity of excitation field coup-
ling into the NWs, |E1|2/|E0|2, is 1.16, 0.94, 0.49, and 0.26 at 
θ = 0°, 30°, 60°, and 90°, respectively. Accordingly, the polari-
zation ratio is calculated to be 0.63. Meanwhile, since the NW 
thickness is much smaller than incident light wavelength, the 
polarization ratio can also be evaluated via electrostatic theory. 
The E1 can be expressed as E0 and (2ε0)/(ε + ε0)E0 for θ = 0° 
and 90°, respectively, where ε(ε0) is the dielectric constant of 
the wires (vacuum).[53] The polarization ratio ρ is calculated as 
0.71 using ε = 3.8,[19,56] which agrees well with the experimental 
data (0.78). As shown in Figure 4c, the normalized excitation 
field of the 250 nm thick NW decreases from 0.97 (θ = 0°) to 

0.67 (θ = 90°), suggesting a polarization ratio of ≈0.19 which 
is also close to experimental data (0.17). The good consistence 
between the experimental and theoretical polarization ratios for 
both the NWs strongly confirms that the emission anisotropy is 
probably due to the dielectric contrast between NWs and their 
surroundings. In addition, the emission anisotropy of NWs 
could be adjustable in some degree by adopting different sub-
strates (more details in Figure S8a, Supporting Information).

Further, scaling law of emission anisotropy of CsPbBr3 NWs 
is studied by spectroscopy and simulation. Figure 5a shows the 
excitation field distribution around the NWs as E0//z (upper 
panel) and E0⊥z (bottom panel), respectively. The NW thick-
ness T is 25, 50, 150, and 250 nm from the left to the right 
panels, respectively. The normalized intensities of electric 
field coupling into the NWs are summarized in Table S4 (Sup-
porting Information), which are higher at E0//z for all the 
NWs. When T ≪ λ/2 (i.e., 25 nm, panel Ι), the electrostatic 
interaction dominates and the coupling of electrostatic and 
magnetostatic effects could be neglected.[57] Then, the excita-
tion field amplitude is equal to the incident field for E0//z 
and expressed as |(2ε0)/(ε + ε0)E0|2 for E0⊥z, respectively. 
Since the excitation fields are irrelevant to the thickness of 
NWs, the polarization ratios almost keep constant with mag-
nitude of 0.7–0.8 (Figure 5b, yellow area).[58] As the thickness 
is T > 40 nm (panel II), the classical electrostatic theory is 
inadequate and the wave characteristic of light is beginning 
to take effects. The change of magnetic field will induce the 
additional electric field to decrease the anisotropy of excitation 
field. Therefore, the polarization ratio shows monotonically 
decreasing to ≈0.17 until T ≈ 140 nm. As T > 140 nm (panel 
III and IV), the wave characteristics of light become dominant, 
numerous waveguide modes arise inside the NWs.[59] The 
emission polarization is then determined by the far-field distri-
butions of existing waveguide modes, which oscillate with the 
NW thickness simply explained by diffraction laws. The oscilla-
tion behavior in the thick NWs has been revealed by our calcu-
lation based on previous theoretical model introduced by Ruda 
and Shik (Figure S8b, Supporting Information).[60] The detailed 

Adv. Mater. 2018, 30, 1801805

Figure 4. Electric field distribution inside the CsPbBr3 NWs simulated by finite difference time domain (FDTD) methods as a function of excitation 
polarization direction. a) Schematic of excitation configuration. b) Electric field distribution around CsPbBr3 NWs simulated by FDTD methods. The 
NW thickness is ≈15 nm. The average intensity of electric field coupled into NW body normalized to excitation field are 1.16, 0.94, 0.49, and 0.26 for 
θ = 0°, 30°, 60°, and 90°, respectively. c) The corresponding electric field distribution inside the NWs with thickness of ≈250 nm. The average intensities 
of electric field coupled into NW body normalized to excitation field are 0.97, 0.89, 0.74, and 0.67 for θ = 0°, 30°, 60°, and 90°, respectively.
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emission intensity as a function of incident polarization can 
be found in Figures S9 and S10 (Supporting Information). As 
shown in Figure 5b, the measured polarization ratios are well 
matched with theoretical values after considering both excita-
tion and emission polarization of electric fields. Briefly, with the 
increasing of NW thickness, the emission polarization ratio of 
the NWs undergoes three regimes: nearly invariant, decreasing, 
and finally oscillating in small amplitude. The three change 
trends can be attributed to electrostatic mismatch, the rising 
of wave characteristic, and diffraction-related multi-waveguide 
modes competition, respectively.

In summary, we have reported a vapor-phase synthesis route 
of ultrathin CsPbBr3 and CsPbCl3 NWs with thickness far below 
100 nm. The emission anisotropy and scaling law of these NWs 
are revealed based on dielectric mismatch model. It is proven 
that with the increasing of NW thickness, the emission polariza-
tion ratio of NW undergoes nearly invariant, decrease, and small 
oscillation regions, which are owing to electrostatic mismatch, 

the rising of light wave characteristics, and multi-waveguide 
modes competition, respectively. The highest polarization ratio 
reaches ≈0.78 which is close to the theoretic limitation. These 
results will not only provide a solution to fabricate perovskite 
NWs, but also advance the fundamental understanding of 
emission anisotropy properties of halide perovskites.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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